Two DNA methylase activities of Escherichia coli C, the mec (designates DNAcytosine-methylase gene, which is also designated dcm) and dam gene products, were physically separated by DEAE-cellulose column chromatography. The sequence and substrate specificity of the two enzymes were studied in vitro. The experiments revealed that both enzymes show their expected sequence specificity under in vitro conditions, methylating symmetrically on both DNA strands. The mec enzyme methylates exclusively the internal cytosine residue of CCAGG sequences, and the dam enzyme methylates adenine residues at GATC sites.
Substrate specificity experiments revealed that both enzymes methylate in vitro unmethylated duplex DNA as efficiently as hemimethylated DNA. The results of these experiments suggest that the methylation at a specific site takes place by two independent events. A methyl group in a site on one strand of the DNA does not facilitate the methylation of the same site on the opposite strand. With the dam methylase it was found that the enzyme is incapable of methylating GATC sites located at the ends of DNA molecules.
Escherichia coli strains possess several sequence-specific DNA methylases (10, 19) . One enzyme, the dam methylase, methylates adenine residues in the sequence GATC to N6-methyladenine (m6Ade) (3, 11, 13); a second enzyme, the mec gene product, is responsible for the methylation of cytosine residues in the sequence CCTAGG to 5-methylcytosine (m5Cyt) (21, 23) . In addition to these methylating activities, the strains E. coli B and E. coli K-12 are known to contain host-specific modification enzymes (8, 12) . Two methylases analogous to those coded by the dam and mec genes in E. coli have been found in Salmonella typhi and Salmonella typhimurium (4), but not in Bacillus subtilis or Staphylococcus aureus (2) . In the present study the substrate and sequence specificity of the isolated dam and mec methylases of E. coli C were studied. This E. coli strain is devoid of a type I restriction-modification system (20) . Studies in vivo on the mode of methylation of DNA in this E. coli strain revealed that at least the dam methylase is capable of acting in trans by methylating de novo unmethylated DNA (21) . It was therefore of interest to investigate the substrate specificity of these methylases. In the present study the mec and dam methylases were isolated from E. coli cells and physically separated from each other. The sequence and substrate specificity of each of the isolated enzymes was studied in vitro. Both (17, 22) but distinguishes these enzymes from type I modification enzymes, which modify hemimethylated DNA severalfold more efficiently (1, 25) . The mec and dam methylases are also different from the mouse DNA methylase, which methylates hemimethylated DNA at a rate 100-fold higher than that for unmethylated duplex DNA (5) .
SPECIFICITY OF E. COLI C DNA METHYLASES 275 (6). Hemimethylated mp7 DNA was synthesized in vitro by using primed repair synthesis (6) . The reaction mixture contained 50 ,M of each of the four deoxynucleoside triphosphates, 10 mM dithiothreitol, 66 mM Tris-hydrochloride (pH 7.4), 6.6 mM MgCl2, 100 ,uM ATP, 1 ,ug of single-stranded mp7 DNA, 0.15 ,ug of 13-mer primer, 15 U of E. coli DNA polymerase I, and 10 U of T4 DNA ligase. After incubation at 30°C for 1 h, the DNA was extracted with phenol and precipitated with ethanol. In this DNA the methylated bases m5Cyt and m6Ade were present only in the template DNA strand.
Analysis of the nearest neighbor to m5Cyt in DNA. DNA (5 ,ug) was randomly nicked by pancreatic DNase I by using 5 mM CaCl2 instead of MgCl2 in the reaction buffer. The nicked DNA was nick translated with E. coli DNA polymerase I in the presence of a single a-32P-labeled deoxynucleoside triphosphate (600 Ci/mmol).The labeled DNA was digested to deoxynucleoside-3'-monophosphates, which were separated by thin-layer chromatography and the chromatographs autoradiographed as previously described (7) . The radioactive spots corresponding to cytosine and m5Cyt were scraped from the plastic sheets, and the amount of radioactivity in each spot was determined by liquid scintillation counting.
Reconstitution of GATC sites by end filing and ligation. A 2-,g sample of E. coli DNA was digested with 4 U of Sau3A for 2 h at 37°C. After phenol extraction and alcohol precipitation, the GATC sticky ends of the Sau3A fragment were filled by using E. coli DNA polymerase I (large fragment) in a reaction mixture (20 p.l) containing 50 ,uM of each of the four deoxynucleoside triphosphates, 66 p.M ATP, 10 mM dithiothreitol, 66 mM Tris-hydrochloride (pH 7.4), 6.6 mM MgCl2, the Sau3A fragments, and 4 U of E. coli DNA polymerase I (large fragment). After incubation at 37°C for 10 washed with the dilution buffer. A 300-ml linear gradient of KCI from 0 to 0.7 M in the dilution buffer was applied, and 3-ml fractions were collected. Portions (10 p.1) of each fraction were assayed for methylase activity as described below. The activity peak fractions were combined and dialyzed for 24 h against buffer A containing 509o glycerol. This treatment resulted in a five-to sixfold concentration of the enzymatic activity, which remains completely stable at -20°C for at least 1 year.
When DNA methylase was prepared from E. coli B cells the same procedure was used, and the dam methylase was purified up to the fraction II step. Since the E. coli B cells do not contain the mec enzyme and the dam enzyme of E. coli B is identical to the E. coli C dam enzyme by all tested criteria (data not shown), the dam enzymes from the two strains were used interchangeably.
Assay of methylase activity. The methylase activity was assayed in a standard reaction mixture (50 p.l) containing 50 mM Tris-hydrochloride (pH 8), 10 mM
and the methylase (60 p.g of protein). After 1 h of incubation at 37°C the reaction was terminated by the addition of 0.2 ml of sodium lauryl sulfate (25% wt/ vol). Calf thymus DNA (250 pLg) was added as carrier and the volume brought to 2 ml with water. The mixture was incubated for 10 min at 60°C, extracted with chloroform:isoamyl alcohol (24:1), and the DNA precipitated with perchloric acid. The pellet was treated with 0.5 N NaOH for 10 min at 60°C to remove RNA, and the labeled DNA was finally precipitated with trichloroacetic acid, collected on Whatman GF/C filters, and quantitated by liquid scintillation counting.
RESULTS
Physical separation of the E. coli C mec and dam methylases. To study separately the sequence and substrate specificity of the dam and mec enzymes, DEAE-cellulose column chromatography was used to separate the two methylases. Two peaks of DNA methylase activity eluted from the column by a salt concentration gradient at 0.15 M and 0.25 M, respectively ( Fig.  1 , peak I and peak II). In the course of this chromatography both methylases were entirely purified from residual RNA, which remained in the preparation after streptomycin sulfate precipitation (Fig. 1) . This purification turned out to be important since the dam enzyme was found to be unstable and could be stabilized in the presence of nucleic acids. Incubation of the partially purified dam methylase caused irre- Fractions of each of the two peaks of methylase activity which eluted from the DEAE-cellulose column (see Fig. 1 ) were combined and used to methylate calf thymus DNA as described above. The methylated DNA was hydrolyzed by formic acid and the free bases were chromatographed and autoradiographed (20) . The radioactive spots of m6Ade and m5Cyt were scraped off and counted in a liquid scintillation counter. The results indicate that peak I fractions represent a mec methylase which is slightly contaminated by dam methylase activity (14%) and that peak II fractions represent the dam methylase (8% mec contamination).
Sequence and substrate specificty of the mec nmebylase. The sequence specificity of the E. coli C mec methylase was studied by analyzing the sequences which were methylated in vitro by the isolated enzyme. activity of the mec enzyme. A direct method was used to quantitate the methylation at the CCTGG sequence. Calf thymus DNA was methylated in vitro by the isolated mec methylase, and the methylated DNA was digested by the restriction enzyme BstNI. The sticky ends of the BstNI fragments (GGT and AccG) were filled by using E. coli polymerase I with either [a32PJdATP or [a-32P]dTTP. The end-labeled fragments were digested to deoxynucleoside-3'-monophosphates, thus labeling the internal cytosine residue of the CCTAGG sequences. The nucleotides were separated by two-dimensional chromatography and autoradiographed (Fig. 2) . The radioactive spots were scraped off and counted in a liquid scintillation counter. The results showed that over 90%o of the internal cytosine residues in the CCATGG sequences were methylated in vitro by the mec enzyme. These results indicate that the mec methylase has the same sequence specificity in vitro as was shown previously by in vivo experiments (21, 23) .
Substrate specificity of the mec enzyme was assayed by comparing its activity with hemimethylated DNA and nonmethylated DNA as substrates. Hemimethylated DNA was obtained by mixing E. coli B and E. coli C DNA and denaturing and reannealing as described in (17, 22) .
Sequence and substrate specificity of the dam methylase. Previously reported in vivo experiments indicate that the dam methylase is specific to GATC sequences (3, 13). In the present study the sequence specificity of the isolated dam methylase was studied in vitro. E. coli Dam-DNA was prepared from E. coli strain F42/GM48 (15) and digested by Sau3A (a restriction enzyme that cleaves at GATC sites, irrespective of the presence of m6Ade in the site), and the fragments were used as substrate for the dam methylase. No methylation was observed with the Sau3A fragments, whereas MspI fragments of the same DNA served as an effective substrate (see Table 2 size as those obtained by Sau3A digestion, the failure of the dam methylase to methylate Sau3A fragments cannot be attributed to the fragment size. It can therefore be concluded that the site of methylation for the dam methylase in vitro is GATC as was previously observed by in vivo experiments. This conclusion gains further support by the following experiment. The GATC tails of Sau3A fragments were filled with E. coli DNA polymerase I (large fragment), thereby restoring the GATC sites. Although the restored sites were expected to be unmethylated, these fragments were still inert as substrate for the dam methylase, suggesting that the methylase is inactive at the ends of DNA molecules. Thus, when the blunt ends of the filled Sau3A fragments were ligated for 24 h at 25°C by using an excess of T4 polynucleotide ligase and the ligated fragments used as substrate, 100% restoration of activity was observed (Table 2) .
Substrate specificity of the E. coli dam methylase was studied by three different experimental approaches. The results of these experiments are summarized in Table 2 . Denaturing and reannealing of a Dam' and Dam-DNA mixture as described in Table 2 was expected to produce hemimethylated DNA that was methylated on one strand of the DNA at GATC sequences. The efficiency of this hemimethylated DNA as substrate for the E. coli dam methylase was identical to that observed with Dam-DNA. Another approach for analyzing substrate specificity of the dam methylase was to determine its activity by using hemimethylated DNA synthesized in vitro as substrate. Hemimethylated DNA was synthesized by primed repair synthesis, using the single-stranded bacteriophage M13 DNA as template (6 (Fig. 3a) was identical to the activity obtained with the Dam-DNA (Fig. 3b) . These results indicate that the dam methylase does methylate nonmethylated and hemimethylated sites with the same efficiency. Moreover, the essentially identical activity obtained with the two substrates, despite the fact that substrate a in Fig. 3 Fig. 3 ). This result is consistent with the conclusion that the methylase does not methylate the site on both strands in one binding event. This conclusion can be drawn since 50% of the methylation events with substrate b occur on nonlabeled GATC sequences and go, therefore, undetected.
DISCUSSION
Achieving physical separation of the mec and dam methylases in a partially purified preparation of E. coli C enabled us to study in vitro the sequence and substrate specificity of the individual enzymes. The E. coli C mec methylase was found to methylate CC4GG sequences as is the case for the E. coli K-12 methylase (9). We also showed that it methylates exclusively the internal cytosine of the CC4GG sequence. This finding left unexplained the discrepancy between the frequency of m5Cyt residues and that expected for CCQGG sites in E. coli C DNA (21) . However, in an independent study, the sequence CC4GG was found to be overrepresented to an extent that accounts for the relatively high m5Cyt content (to be published elsewhere). The in vitro studies with the dam methylase indicate that the enzyme methylates only adenine residues in GATC sites as was previously shown by in vivo experiments (3).
Restriction digestion of DNA at GATC sites followed by restoration of the site by filling the sticky ends provided suitable substrates to study methylation at the ends of DNA molecules. The dam enzyme was found to be inactive at sites positioned at the ends of DNA molecules.
Substrate specificity of both the mec and dam enzymes was analyzed using hemimethylated and nonmethylated DNAs as substrate. Both enzymes showed the same activity (as judged by initial rate) with the two substrates. This feature of the E. coli enzymes might shed some light both on the mechanism by which these enzymes methylate the E. coli DNA and the possible biological function of the methylation process. The first implication of this result is that the enzyme is insensitive to the state of methylation of the specific site on the opposite strand as was reported before for type II modification enzymes (17, 22) . This is in contrast, however, to the specificity of the modification enzymes type I, M. EcoB (25) , and M. EcoK (1), which were found to be severalfold more active on hemimethylated DNA than on nonmethylated sequences. Also, the methylase from mouse cells methylates preferentially hemimethylated DNA (5) . This in vitro performance of the enzymes is consistent with their in vivo mode of methylation. The E. coli C dam methylase has previously been shown to methylate in vivo unmethylated foreign DNA by a de novo methylation mechanism (21) . The mouse methylase was found to perform in vivo semiconservative methylation, whereas de novo methylation of unmethylated DNA was a rare or nonexistent event (24) . To fulfill their biological function, the modification type I enzymes are expected to operate within the cell with higher efficiency on the host hemimethylated DNA than on foreign nonmethylated DNA. The observed difference in substrate specificity displayed by the dam or mec methylases as compared with the mammalian methylase might reflect a different mode of enzyme-substrate interaction and different biological functions. It is feasible that the mammalian methylase binds to both strands or at least makes contact with the opposite strand and performs the methylation only when the opposite strand is methylated, whereas the E. coli enzymes might rather bind to one strand and methylate only this strand. Methylation of the same site on the opposite strand is an independent event. These different methylation mechanisms probably allow the bacterial methylase to work in trans, whereas the mammalian methylase can act only in cis.
